Abstract-Class-E amplifier has the potential to deliver high efficiency required for the next generation wireless systems. In this journal, we discuss a novel load pull analysis technique to characterize the efficiency performance of Class-E amplifier in an outphasing power combining scheme. Class-E amplifier is not an ideal current or voltage source as is required for the traditional analysis of outphasing structures. It requires a phase modulated input signal and has a non-linear transfer characteristic which is a function of load impedance. Here we define an operating load locus based on the load pull analysis which can be used to predict the non-linear transfer function, efficiency, output power, input drive phase and many other factors associated with the outphasing class-E amplifier. This scheme could also be used to characterize any amplifier class in an outphasing structure. Finally modulation performance of Class-E amplifier using PWM technique is also presented.
INTRODUCTION
Wireless basestations will need to adapt to handle the new requirements of the next generation of wireless system (4G). Wider bandwidths, higher bit rates, multiple antenna structures and new bandwidth efficient orthogonal frequency division multiplexing (OFDM) modulation schemes are required [1] [2] [3] [4] [5] . Transceivers will need higher transmission powers, greater fidelity (reduced EVM -error vector magnitude) and greater integration. However they must fit into the same volume and require the same or less basestation air-conditioning load (or battery life for terminals). Heat dissipation must therefore be reduced, and this requires an increase in efficiency. The RF power amplifier (PA) dominates the efficiency performance.
Power amplifiers will play an important role in these next generation systems. This critical component dictates the size, cost and performance of the overall system. The main problem in power amplifier design is the efficiency. By improving the efficiency of a power amplifier less heat is dissipated in the device, this has many benefits. By reducing heat dissipation lower rated devices can be used for amplification and smaller heat sinks designed, this reduces the size of the overall system and increases its reliability, since heat is a major contributor of device failure. These size and reliability benefits, add up producing a cost effective solution.
There are two general types of PAs-linear PAs and switch mode PAs. Linear PAs like class-A and class-B output scaled versions of the input at the expense of efficiency. In contrast switch mode PAs offer the potential for better efficiency but are generally nonlinear. Recent advances in linearization techniques (Feed Forward [6] , Pre-Distortion [7] ) can overcome the latter deficiency.
Switch mode PAs run on one general principle of minimizing the power dissipated in the transistor. The ideal case would be if the transistor behaved as a switch. When the switch is open, no power is dissipated since there is no current flowing. When the switch is closed, no power is dissipated since there is no voltage across the switch. Since transistors are not perfect switches, the power can be minimized by making sure current and voltage are never high simultaneously. The efficiency of switch PAs varies with the output signal level which reduces their performance with modulated signals.
A tradeoff between efficiency and linearity always exists in PA design. Conducting class PAs such as class-A and class AB offer good linearity but are inefficient with envelope varying signals. On the other hand switching class PAs such as class-D, E and F have excellent efficiency but are very non linear [6] . A typical feed-forward class AB power amplifier has efficiency in the range of 10% with modulated signals [7] . Alternatively a switch mode class-E amplifier attains drain efficiency of 45% when operated with 8dB peak to average Rayleigh enveloped signal [8] . But they are highly non linear forcing the need for compensation in the modulator circuits. This journal looks at techniques to obtain the non-linear modulation characteristics which are optimized for power output and efficiency.
Linear amplification using non linear components (LINC) also known as outphasing [9] [10] Here an amplitude and phase modulated signal S in (t) =|S(t)|exp(jφ(τ)) is decomposed into two constant amplitude signals (S 1 (t), S 2 (t)) that can then be amplified using two highly efficient, non linear PAs, without adding any further distortion. The PA outputs are then summed to yield the signal for transmission S out (t). V 0 denotes the amplitude of each branch signal and θ the input drive phase that determines the amplitude, |S(t)|.
in S (t)=S(t)cos[ωt+ (t)]
2 0
S (t)=V cos[ωt+ (t)-θ(t)]
This scheme enables linear amplification of the original signal with system efficiency comparable to that of the used PAs. High efficiency of outphasing system is possible only if the PAs behave as ideal voltage sources. In such cases the efficiency of PAs is independent of the load impedance. Traditional LINC analysis using overdriven class-B, class-C or class-D amplifiers assume a voltage source [11, 12] for both amplifiers as this approximation is true. When it comes to the class-E amplifier it's not an ideal voltage or current source. Its output characteristic is a function of load impedance [13] . Therefore the traditional LINC analysis does not apply for class-E amplifiers instead we propose a load pull analysis method.
In practice saturated class B/C PAs cannot behaves as perfect voltage source when the load impedance goes reactive [12] . So this load pull analysis method is also applicable to any amplifier class used in an outphasing structure.
In this journal a load pull analysis of class-E amplifier is performed to chararcterise its LINC performance. This is possible as LINC is a load modulation. Load modulation is a technique in which amplitude modulated signals are produced by the dynamic variation of the load impedance of the power amplifier. Section II discusses class-E amplifier operation. Section III examines outphasing power combining schemes. Section IV considers the load pull analysis of class-E amplifier using LINC power combining technique. Section V discusses pulse width modulation performance of the Class-E amplifier.
II. CLASS-E AMPLIFIER
The basic topology of class-E amplifier is shown in Fig.2 . The circuit includes a transistor operated as a switch, a shunt capacitor C 1 which includes intrinsic transistor output capacitance (C ds ), RF choke L 1 , a series tuned output circuit L 0 C 0 and the load resistor, R. The class-E amplifier is a switch based power amplifier that achieves high efficiency at constant power output [13] [14] [15] [16] [17] . Theoretically it can achieve 100% efficiency. High efficiency can be obtained by keeping the voltage-current overlap across the transistor small. This is done using a technique called zero voltage switching (ZVS). This technique ensures that the voltage across the switch is near zero when the device turns on. This is achieved through a matching network consisting of a shunt capacitor and a series resonant tank. This matching network also sets the slope of the switch voltage to zero at turn on there by reducing the stress on the device. This is called zero derivative switching (ZDS). At the turn-off transition little power is lost as well. The shunt capacitor keeps the voltage low while the current shuts off. Most of the power loss occurs when the switch is on. The current through the device is large enough that with a small on resistance, the power loss is significant. A typical voltage and current waveform across the switch is shown in Fig-3 The design of class E power amplifier can be done analytically if the RF output is assumed sinusoidal (i.e. infinite loaded quality factor, Q L ). When the loaded Q is not finite the solution cannot be derived analytically. This causes error in output power calculation [13] . This error gets larger as the loaded Q becomes smaller. To account for the output power error from the loaded Q, design equations that take into account loaded Q are used in this design [13] . 
The series resonant circuit L 0 C 0 , is usually not tuned to the operating frequency, f, having at this frequency a net series reactance L= jX 2πf L ∆ (Fig.-4) produced by the difference in the reactances of the inductor and capacitor of the series tuned circuit given by Eq. (9). 
In this analysis L 0 C 0 is considered as a resonant circuit tuned to the operating frequency f, in series with a net inductance X L . This design uses Motorola (MRF9745T1) high frequency LDMOS FET. This model has an output capacitance of 11pF (C 1 ), drain source resistance (R ds ) of 1Ω, switch breakdown voltage of 35V and supply voltage of 5.8V. Selecting frequency (f) as 1GHz and Q to be 10 the resonant tank components C 0 , and L 0 can be determined as given in [3] (Table 1) . R is taken as 3.5Ω to get an output power of 2.2W. RF choke (RFC) L 1 is selected to be 20nH, which keeps the ac ripple less than 5%. Simulations are done using Agilent ® ADS.
III. OUTPHASING POWER COMBINING SCHEMES
In order to exploit the inherent efficiency benefit of the ouphasing system, a suitable power combining scheme needs to be analysed.
A LINC power combiner using class-E amplifier is shown in Fig 5 . 
As Za is a function of the input drive phase (Ø), it can be seen that as Ø changes the effective load impedance seen by each amplifier varies. This determines the efficiency performance of each amplifier in the LINC structure.
IV. CLASS-E LINC LOAD PULL ANALYSIS
To get the operational load locus of the LINC combiner a load pull analysis of a class-E amplifier is performed to obtain a plot of V a and Z a (R+ jX L ) Fig. 6 . , from which we obtain the operational load locus (Fig. 8) of the class-E amplifiers in the LINC combiner structure. This load locus is dependent on the operational frequency and changes with frequency of operation. In Fig. 9 two new load lines are obtained by taking alternate values of X L in the combining network. These are superimposed on the output power contour of a single class-E amplifier. A 1 and B 1 shows the operating points of both amplifiers in the LINC structure for a specific input drive phase. When one amplifier is operating at A 1 the amplifier at the other side of LINC will be at position B 1 . So the total output power is obtained by adding the individual powers of each amplifier.
Sometimes an amplifier sinks power depending on the drive phase. Output power of class-E LINC Fig. 11 shows the power loss across the class-E LINC for different X L values and drive phases . Losses in class-E amplifier are a combination of conduction and switching losses. In the optimal operation of class-E amplifier the only loss mechanism is conduction loss, which occurs in the LINC combiner at an input drive phase of 180° (blue curve) in Fig. 11 . For all other drive phases the loss in each amplifier is a combination of both losses and clearly dominated by switching losses as the amplifier moves away from zero-voltage switching (ZVS). Note the higher losses inX L /2 curve. Total losses[conduction + switching] of class-E LINC In Fig. 12 output power is plotted against efficiency. Peak efficiency of 81℅ is obtained for the LINC combiner using X L /2 but the power is restricted to 1.8W. The plot gives a good indication of the performance of the Class -E LINC structure with various values of residual inductance X L . A suitable X L could be selected based on the power probability distribution function of the modulation. Ideally, a structure with high efficiency and high output power is preferred, which indicates X L is the best choice. 
V. PULSE WIDTH MODULATED CLASS-E POWER AMPLIFIER
Class-E amplifier achieves highest efficiency and constant output power when operated with a square wave having 50% duty cycle. By applying a pulse width modulated (PWM) input the output power can be varied. Simulating the design in ADS for different duty cycles results in the following waveforms, Fig. 13-14 . Output power and efficiency at various duty cycles is plotted in Fig. 15 . Output power is low for duty cycles less than 20% and more than 80%. Efficiency is high for duty cycles around 50%. At low duty cycles the RF choke has less time to store energy and at high duty cycles the stored energy is released not at the fundamental frequency. Tweaking the components C 1, C 2, and L 2 the power and efficiency curves can be shifted towards lower or higher duty cycles.
The class E power amplifier is designed for maximum efficiency when driven by a square wave with a 50% duty cycle. When the power amplifier is driven by a pulse width modulated square wave, the efficiency is expected to drop since ZVS is violated. Since the figure of merit is system efficiency, tweaking the system may result in better overall efficiency. Thus, tuning the matching network is explored in [19] . Perturbations are done on three components of the matching network -the shunt capacitor (C 1 ), resonant capacitor (C 2) and resonant inductor (L 2 ).
VI. CONCLUSIONS
In this paper we discussed a suitable scheme to characterize the LINC performance of class-E amplifier. Class-E amplifier is neither an ideal voltage nor a current source, so traditional LINC analysis does not apply to class-E amplifiers. Instead a load pull analysis is proposed to get its transfer characteristics and its efficiency performance.
The Class-E amplifier is capable of achieving an efficiency of around 81% when operated in an outphasing scheme. In this mode of operation switching losses dominate and account for more than 60% of the total losses. This load-pull analysis technique can be utilized to characterize any amplifier class in an outphasing power combining scheme. Further pulse width modulated performance of class-E amplifier is also discussed. The amplifier achieves an efficiency of 80% when operated in PWM mode. 
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